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The crystal and magnetic structures of polycrystalline samples of the cobalt oxyhalides Sr2CoO2X2, X=Cl
and Br, have been studied using variable temperature neutron diffraction. The materials are isostructural with
the K2NiF4-type square lattice Heisenberg antiferromagnet Sr2CuO2Cl2 and contain two-dimensional CoO2

sheets separated alongz by double rocksalt SrX layers. Both materials exhibit magnetic Bragg scattering
indicative of long range antiferromagnetic order atTø20 K. The thermal evolution of magnetic reflections has
allowed aTN=215s10d K to be determined for Sr2CoO2Cl2. No evidence of a lowering of crystal symmetry at
the onset of magnetic order within Sr2CoO2Cl2 is found and the crystal structure of both materials in their
antiferromagnetically ordered states is well described withI4/mmmsymmetry. The coexistence of domains
with the La2CuO4-type and La2NiO4-type spin structures is proposed to account for the observed magnetic
scattering. The ordered moments of Sr2CoO2Cl2 and Sr2CoO2Br2 obtained at 20 K and 2 K, respectively, are
3.22s4dmB and 3.52s7dmB indicating the presence of a significant orbital contribution in these high spinsS
=3/2d cobalt (II ) systems.
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I. INTRODUCTION

The discovery of superconductivity within the copper-
oxygen planes of materials such as La2−xSrxCuO4 (Ref. 1)
and YBa2Cu3O7 (Ref. 2) has given renewed impetus to the
study of two-dimensional(2D) magnetic systems. In particu-
lar the superexchange interactions between the Cu2+ ions of
the undoped parent phase La2CuO4 have been investigated in
great detail3,4 and the phase is now viewed as a 2D spin-1

2
Heisenberg antiferromagnet.5 The antiferromagnetic(AF) in-
teractions within the isostructural La2MO4, M=Ni sS=1d6,7

and CosS=3/2d,8 systems have also been the focus of sev-
eral studies aimed at revealing which factors uniquely allow
the lamellar cuprates to support superconductivity. Much of
this work has drawn on the theories developed for the clas-
sical layered antiferromagnets such K2NiF4 (Ref. 9) and
Rb2CoF4 (Ref. 10).

An essential feature of many two-dimensional(2D) anti-
ferromagnets is the relative weakness of the interlayer inter-
action compared with intraplanar metal to metal coupling,
with typically Jinter/Jintra<10−3–10−6. Consequently, the on-
set of long range magnetic order may often be viewed to
occur in two dimensions first, with three-dimensional(3D)
order following parasitically in the presence of even a weak
interlayer coupling. A range of factors including the metal
ion environment, possible single ion anisotropy contributions
and interlayer interactions, originating from either dipolar or
exchange perturbations, lead to a variety of spin structures
being adopted. The three common arrangements exhibited by
K2NiF4-type materials are summarized in Fig. 1. The impor-
tance of the materials crystal structure is exemplified by the
magnetism displayed by La2CoO4 for which Yamadaet al.8

have observed successive AF transitions. The spin lattice
switches from a La2NiO4 [Fig. 1(b)] model in the orthorhom-
bic phase to an arrangement which may be represented by
the collinear La2CuO4 structure[Fig. 1(a)] in its low tem-
perature tetragonal phase.

The related cuprate oxychloride, Sr2CuO2Cl2, crystallizes
in the ideal K2NiF4 I4/mmmstructure at room temperature,
in contrast to the orthorhombic cell favored by La2CuO4,
with chloride ions replacing the apical oxygen ions above
and below the CuO2 sheets. The system adopts a
La2CuO4-type spin configuration[Fig. 1(a)] with transition
temperatures in the range 250–260 K reported11,12 and an
ordered copper moment of 0.34s4dmB at 10 K has been de-
termined from a single crystal neutron study.11 The com-
pound has been the focus of numerous investigations prob-
ing, for example, the spin dynamics,13 and the strength of the
coupling within the antiferromagnetic sheets.14 In this con-
text it is desirable to develop new planar systems to further
investigate the magnetic interactions within and between the
key MO2 layers. Motivated by this goal we have recently
synthesized the cuprate oxide iodides, Sr2CuO2I2 and
Sr2Cu3O4I2 (Ref. 15) and the Co(II ) materials Sr2CoO2X2,
X=Cl and Br.16 These latter materials are the first transition
metal phases isostructural with Sr2CuO2Cl2 and are of par-
ticular interest as cobalt(II ) systems display an electronic
configuration similar to the cuprates, with half-occupied
dx2−y2 oribtals, which facilitate in-plane superexchange cou-

FIG. 1. Commonly observed magnetic structures for
K2NiF4-type antiferromagnets.
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pling. Herein we present the results of a variable temperature
neutron powder diffraction(NPD) investigation that has re-
vealed a transition to long range AF order in both phases.
The results are compared with those obtained for
Sr2CuO2Cl2 and the closely related La2MO4 oxides, M=Cu
and Co, to provide further insight into the structural and
magnetic characteristics of these planar materials.

II. EXPERIMENT

5 g samples of Sr2CoO2X2 (X=Cl and Br) were synthe-
sised as described previously.16 Time-of-flight NPD data
were then collected using the medium resolution POLARIS
diffractometer at the ISIS facility in the UK. The Sr2CoO2Cl2
sample was loaded into an air-tight vanadium can in a helium
gas atmosphere and data collection performed at RTs295 Kd,
20 K, 70 K, 120 K, 170 K, 195 K, and 220 K using a closed
cycle refrigerator. Further scans were obtained for
Sr2CoO2Br2 at room temperature and at 2 K inside a cry-
ostat. The diffraction data were analyzed using the Rietveld
method17 and GSAS software package18 with the structural
models reported from the powder x-ray diffraction(PXD)
analyses16 employed in initial cycles. The higher resolution
C-bank data of POLARIS(d-spacing range 0.2–3.2 Å) were
used for the structural refinements while the magnetic struc-

tures of the materials were determined from the wider range
s0.5–8.3 Åd lower resolution A-bank patterns.

III. RESULTS

A. Crystal structure analysis

Refinement of the nuclear structures of the Sr2CoO2X2
phases using the variable temperature NPD data confirmed
the accuracy of the previously reported models derived from
PXD data.16 The only significant difference was that the
NPD data allowed the refinement of anisotropic atomic ther-
mal displacement parameters for the halide sites. This pro-
duced an appreciable improvement in the least squares fit
and points to some localized displacements of the ions along
the c axis. For the Sr2CoO2Cl2 refinements a trace level of
CoO impurity was apparent while for the Sr2CoO2Br2 analy-
ses CoO and SrCO3 impurities were identified and refined to
1.9 wt. % and 4.9 wt. %, respectively. In the final stages of
the refinements the occupancy of each site was permitted to
vary and no significant site deficiencies were detected indi-
cating that the impurity levels were too low to impact on the
main phase stoichiometry within the detection limits of NPD.
Table I summarizes the structural parameters derived from
the analysis of NPD data collected at RT, and low tempera-
tures, i.e., 20 K and 2 K for Sr2CoO2Cl2 and Sr2CoO2Br2,

TABLE I. Structural parameters for Sr2CoO2X2 (X=Cl and Br) determined from the C-Bank of POLARIS. Top lines are refined from
data collected at RT, lower lines at 20 KsX=Cld and 2 K sX=Brd. Space group I4/mmm. The * represents weight percent Sr2CoO2Br2

(93.2%), CoO (1.9%) and SrCO3 (4.9%).

Atom Site

Sr2CoO2Cl2 *Sr2CoO2Br2

z Uiso3100 sÅ2d z Uiso3100 sÅ2d

Sr s0,0,zd 4e 0.39191(5) 0.79(1) 0.40106(4) 0.84(2)

0.39165(3) 0.23(1) 0.40047(6) 0.16(2)

Co (0,0,0) 2a 0.79(4) 0.83(4)

0.33(2) 0.55(7)

O s0, 1
2 ,0d 4c 0.84(1) 0.84(2)

0.40(8) 0.57(2)

X s0,0,zd 4e 0.18087(4) 1.11(8)a 0.17769(5) 1.18(9)c

0.18098(2) 0.34(5)b 0.17803(7) 0.40(2)d

a (Å) 4.06022(2) 4.08891(7)

4.05013(2) 4.07478(5)

c (Å) 15.1171(1) 16.4077(4)

15.0247(1) 16.2426(3)

x2 1.89 3.95

2.46 5.66

Rwp (%) 1.48 2.43

1.72 1.77

Rp (%) 3.16 4.68

4.01 3.04

au11=u22=0.96s2d, u33=1.45s4d.
bu11=u22=0.27s1d, u33=0.53s3d.
cu11=u22=1.08s2d, u33=1.38s4d.
du11=u22=0.14s2d, u33=0.86s4d.
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respectively. The profile fit achieved to the RT data of
Sr2CoO2Cl2 is shown in Fig. 2.

B. Magnetic structure analysis

Additional intense Bragg reflections appeared in the
A-bank data sets collected for both materials at low tempera-
tures that could not be accounted for by their nuclear struc-
tures. The highd-spacing position of the peaks indicated that
they were probably magnetic and this was confirmed by vari-
able temperature scans performed on Sr2CoO2Cl2 that
showed that the reflections decayed on warming. The main
magnetic intensities could be indexed as the(100), (011),
(102), and(013) reflections of a magnetic cell related to the
nuclear cell byamag=bmag= Î2anuc and cmag=cnuc. This be-
havior is analogous to that of both La2CuO4 (Ref. 3) and

Sr2CuO2Cl2 (Ref. 11) and, for a collinear magnetic structure,
indicates a propagation vectork = s 1

2 , 1
2 ,0d.

Analysis proceeded using the magnetic form factor of
Co2+ (Ref. 19) and the La2CuO4 spin model was introduced
into the 20 K Sr2CoO2Cl2 A-bank refinement. This spin de-
scription produced a partial fit to the observed magnetic in-
tensity, however sizeable discrepancies were apparent as, for
example, the intensity of the(011) reflection was signifi-
cantly underestimated. To check for further symmetry al-
lowed spin arrangements the SARAH representational analy-
sis package20 was used and the spin descriptions shown in
Fig. 1 were found to be the only structures consistent with
I4/mmmcrystal symmetry above the magnetic phase transi-
tion. The spin arrangement adopted by La2NiO4 [Fig. 1(b)]
was found to produce a good fit to the(011) peak but, as can
be seen from Table II, the(100) is absent for this model.
Finally, the K2NiF4 structure[Fig. 1(c)] with the Co spins
aligned parallel to thec direction was employed to give an
improved agreement between the observed and calculated
intensities. However the fit was still far from ideal and when
the K2NiF4 model was introduced into the 2 K A-Bank scan
of Sr2CoO2Br2 a poor fit to the magnetic intensities was
obtained indicating that the spin direction is not along the
tetragonal axis within the bromide analogue. Given the close
structural similarity between theX=Cl andX=Br materials it
is unlikely that the spin alignment within the two materials
will differ significantly. Therefore, a two phase magnetic
model with an initial 50:50 distribution of La2CuO4 and
La2NiO4 spin structures was considered. This two-phase ap-
proach resolved the earlier intensity problems obtained when
each model was refined on an individual basis and critically
resulted in good agreement for both Sr2CoO2Cl2 and
Sr2CoO2Br2 data sets. The size of the moment within each
phase was constrained to be equal, and the phase fractions
constrained to sum to half that of the nuclear cell(to account

FIG. 2. The NPD pattern obtained for Sr2CoO2Cl2 from the
POLARIS C-bank at RT. Crosses are observed data, lines are cal-
culated and difference plots. Vertical tick marks indicate the posi-
tion of allowed reflections for the nuclear structure of Sr2CoO2Cl2.

TABLE II. Comparison of calculated and observed magnetic intensities for Sr2CoO2X2 (X=Cl and Br). Magnetic refinement parameters
determined from the A-bank of POLARIS for Sr2CoO2Cl2 s20 Kd and Sr2CoO2Br2 s2 Kd are also shown. The * represents reflection
contaminated by nuclear intensity.

sh,k, ld

Sr2CoO2Cl2 Sr2CoO2Br2

Model I
La2CuO4

Model II
La2NiO4

Model III
K2NiF4 Model I+II

Observed
intensity

Model III
K2NiF4 Model I+II

Observed
intensity

(100) 3.81 0 4.74 3.93 4.65(4) 3.46 1.62 1.85(3)

(011) 0.59 4.69 6.66 5.16 5.33(3) 5.07 4.40 4.25(4)

(102) 2.37 1.05 2.65 3.28 3.25(3) 2.25 2.05 2.12(2)

(013) 0.65 1.51 0.88 2.12 2.05(3) 0.86 2.39 2.36(3)

(104) 0.59 0.59 0.27 1.03 8.45(2)* 0.33 0.87 0.96(3)

umusmBd 3.22(4) 3.52(7)

Model I: Model II (%) 48(1):52(1) 34(1):66(1)

Rwp (%) 3.64 2.63

Rp (%) 4.69 2.97

x2 0.88 1.11
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for the doubling of the magnetic cell) before being permitted
to vary. This produced little deviation from the initial phase
distribution for the Sr2CoO2Cl2 refinement, i.e., the refined
phase fractions were 48(1):52(1) indicating the coexistence
of approximately equal numbers of La2CuO4-type and
La2NiO4-type domains within the material. In contrast the
Sr2CoO2Br2 analysis revealed a 34(1):66(1) preference for
the La2NiO4 spin arrangement. Analysis of Sr2CoO2Cl2 data
sets collected at higher temperatures revealed that the mag-
netic phase ratio remained constant on warming. Table II
summarizes the observed and calculated magnetic intensity
obtained for the trial magnetic structures for both materials
and also presents details of the magnetic refinements.

In addition to the magnetic reflections from Sr2CoO2Cl2
and Sr2CoO2Br2 a peak at,4.9 Å was identified as the(111)
magnetic reflection of the CoO impurity present in both
samples and was fitted using the model of Roth.21 The final
agreement achieved to the A-bank diffraction profiles of
Sr2CoO2Cl2 and Sr2CoO2Br2 is shown in Fig. 3.

IV. DISCUSSION

The Sr2CoO2X2 materials both undergo a transition to AF
long range order below room temperature. Susceptibilitysxd
data obtained for Sr2CoO2Cl2 (Ref. 16) revealed a drop inx
on cooling from 320 K to<200 K, strongly suggesting the
presence of AF interactions between the Co spins and the
transition to a 3D long-range ordered state is consistent with

these results. The magnetic intensities observed for both
Sr2CoO2Cl2 and Sr2CoO2Br2 can be explained by the coex-
istence of two closely related collinear magnetic phases, the
La2CuO4 and La2NiO4 spin arrangements shown in Fig. 1.
The structures differ only in the relative orientation of the
interlayer nearest neighbors, which may be rotated by 180°
to transform from one to another. The exact reasons for the
observed spin anisotropy within lamellar antiferromagnets
remain a topic of considerable interest.22 Generally the onset
of 3D order within planar antiferromagnets is considered to
involve anxy anisotropy aboveTN that confines the spins to
the basal plane and a separate Ising anisotropy determines
the in-plane spin direction.23 The crossover to 3D long range
order then requires the presence of an interlayer interaction
that becomes increasingly significant as the 2D correlation
length grows. Given that the La2CuO4 and La2NiO4 spin
structures both possess two ferromagnetic and two antiferro-
magnetic nearest neighbors in the planes above and below
any energy difference between the configurations is likely to
be small. Consequently the most likely explanation for the
coexistence of the two spin structure domains within the co-
balt oxyhalides is the presence of two distinct interlayer in-
teractions that determine the relative stacking of the AF
sheets. In this context the refinement of the parameters for
the chloride and bromide ions(Table I) indicative of struc-
tural disorder within the SrX rocksalt layers is significant as
the interlayer exchange coupling will be mediated through
these bonds. Localized variations in these pathways could
lead to different interlayer interactions and stabilize one spin
structure in a particular region of the material. Similarly,
crystal defects such as stacking faults may also alter the ex-
change between the CoO2 sheets.

Another factor that may promote the growth of different
magnetic structure domains is a level of sample inhomoge-
neity, which given the presence of small levels of impurities
in both the polycrystalline samples used in this study is a
possibility. Nevertheless, even in single crystals it is not so
unusual for two magnetic phases to coexist as demonstrated
by Rb2MnF4.

9 In fact the presence of both La2CuO4 and
La2NiO4 type domains has previously been suggested by
Matsudaet al. in a study of Nd2CuO4.

24 Their single crystal
was found to undergo a magnetic phase transition from the
La2NiO4 to La2CuO4 structure similar to that of La2CoO4,

8

however a level of the nickelate spin lattice appears to persist
below the transition temperature emphasizing the near de-
generacy of the two spin configurations.

The magnetic reflections of Sr2CoO2Cl2 [Fig. 4(a)] be-
came indistinguishable from the background on heating from
195 K to 220 K allowing the material’sTN=215±10 K to
be estimated. The relative intensity of the magnetic peaks
remains constant within experimental uncertainty indicating
that the transition temperatures for both magnetic phases
within Sr2CoO2Cl2 are likely to be very similar, and also
therefore, that the strength of the interlayer interactions are
closely matched. The uniform growth of the peaks is also
consistent with the absence of any spin reorientations within
the domains below the transition. The onset of long range
order occurs approximately 40 K lower than the Néel tem-
peratures typically reported for Sr2CuO2Cl2, a relatively
small difference which indicates that the strength of the ex-

FIG. 3. The NPD pattern obtained for Sr2CoO2Cl2 (a) and
Sr2CoO2Br2 (b) at 20 K and 2 K, respectively. The plot follows the
same labeling style as in Fig. 2. In(a) tick marks indicate, from
bottom to top, the nuclear structure of Sr2CoO2Cl2, the
La2CuO4-type magnetic phase, the magnetic structure of CoO and
the La2NiO4-type magnetic phase. Also marked are the most intense
Sr2CoO2Cl2 magnetic reflections. In(b) contributions from
Sr2CoO2Br2(nuclear), Sr2CoO2Br2 (La2CuO4 magnetic), CoO
(nuclear and magnetic), SrCO3 and Sr2CoO2Br2 (La2NiO4 mag-
netic) are shown reading from bottom to top.
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change interactions lies on a similar energy scale to that
found in the cuprates. The transition temperature is some-
what lower than theTN of 275 K determined for La2CoO4
(Ref. 8) and follows the trend of a decrease in the Néel
temperature observed for the analogous oxychloride and ox-
ide cuprates, i.e., Sr2CuO2Cl2, TN=251 K and La2CuO4, TN
=325 K.11,25 The origin of this reduction most probably lies
in the expanded metal to metal distances found in the oxy-
halides, both within the metal oxygen planes and across the
separating layers, which is expected to weaken orbital over-
lap and the strength of exchange coupling. The structural
change that occurs in the halide containing phases is perhaps
best illustrated by considering the nearest neighbor distance
between the planes. This increases from,7.1 Å in
La2CuO4 to 8.3 Å in Sr2CuO2Cl2 (Ref. 11) and similarly
from 6.85 Å in La2CoO4 (Ref. 26) to 8.01 Å in Sr2CoO2Cl2.
Alternatively it has been suggested that the approximate 20%
reduction inTN typically observed for tetragonal phases such
as Pr2CuO4 and Sm2CuO4 in comparison with orthorhombic
La2CuO4 results due to the inherent frustration of the inter-
layer coupling within the higher symmetry systems27 and
similar effects may also play a role in Sr2CuO2Cl2 and
Sr2CoO2Cl2.

The development of the sublattice magnetization is shown
in Fig. 4(b), which plots the normalized intensity of the(100)
and (011) reflections. Also shown are the fits achieved to a
simple power law of the formAs1−T/TNdb over the entire,
,200 K, temperature range with A=0.99s1d, TN=215 K,
and exponentb=0.45s4d for the (100) reflection(solid line)
andb=0.39s5d for the (011) peak(broken line). The growth
of the (100) reflection reflects solely the behavior of the
La2CuO4-type domains, while the(011) peak contains inten-

sity contributions from both La2CuO4 and La2NiO4 spin
structures. The similarity of theb values therefore provides
additional support for a single, or at least extremely close,
transition temperature for the magnetic domains. The ab-
sence of further data close to the ordering temperature pre-
vents us from determining precisely the exponent of the
magnetic phase transition in the critical region. However, the
b values are significantly larger than those determined for
classical Ising-type 2D systems such as K2NiF4 in which a
b<0.15 provides a good fit to the whole experimental data
range.9 The values also contrast strongly with the critical
behavior of La2CoO4 for which b=0.20.8 In fact the derived
exponents lie closer to that determined for Sr2CuO2Cl2, b
=0.30±0.02,11 and are indicative of 3D transitions for which
b<0.33. Physically the relevance of this is to suggest that
interlayer coupling is of greater importance within the mate-
rials in comparison to the behavior of K2NiF4 in which long
range magnetic order is established essentially in two dimen-
sions.

In common with Sr2CuO2Cl2 our NPD refinements reveal
no evidence for a structural phase transition in either
Sr2CoO2Cl2 or Sr2CoO2Br2 and the materials average crystal
structures is satisfactorily modeled in tetragonal symmetry
over the measured temperature range. Strictly, the symmetry
of the systems must be reduced from tetragonal to ortho-
rhombic at the onset of long range magnetic order as may be
seen by considering the La2CuO4 and La2NiO4 spin struc-
tures shown in Fig. 1, but the distortion clearly lies below the
resolution limits of our current study. The importance of this
small deviation from tetragonal symmetry is to relieve the
frustration associated with the otherwise identical interlayer
exchange pathways in the materials. The temperature depen-
dence of the cell parameters and cell volume, shown in Fig.
5, reveals a smooth thermal expansion that is also apparent in
the basal Co-O, and apical Co-Cl interatomic distances pre-
sented in Fig. 6. In contrast to our recent investigation of the
closely related cobalt(III ) oxychloride Sr2CoO3Cl,28 the data
reveal no evidence of any structural anomalies associated
with the onset of long range order. The absence of significant
crystal structure distortions is a key difference between the
Sr2MO2X2 oxyhalide and La2MO4 (M =Cu and Co) oxide

FIG. 4. The temperature dependence of the integrated intensity
of the most intense magnetic reflections observed for Sr2CoO2Cl2
(a). The normalized intensity of the(100) and(011) peaks is shown
in (b) along with fits to the power lawAs1−T/TNdb.

FIG. 5. Temperature dependence of the lattice constantsa
(square symbols) and c (circles) of Sr2CoO2Cl2. Inset shows the
thermal behavior of the unit cell volume.
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systems. As mentioned above incorporation of the larger
chloride and bromide ions in the separating rocksalt layers
above and below theMO2 planes produces a significantly
expanded metal environment. For example, the planar Co-O
distance in Sr2CoO2Cl2 is 2.030 Å compared with 1.944 Å
in La2CoO4.

26 Consequently the compressive bond strain
that drives the various rotations and tilts displayed by the
MO6 octahedra in the equivalent oxides is alleviated. These
relatively small departures from the ideal K2NiF4 symmetry
often have important implications for the magnetism dis-
played by the oxides as exemplified by the spin rearrange-
ment of La2CoO4 and the ferromagnetic moment exhibited
by La2CuO4.

29

The moments for Sr2CoO2Cl2 and Sr2CoO2Br2 at 20 K
and 2 K are, respectively, 3.22s4dmB and 3.52s7dmB. To ob-
tain these values it was assumed that the magnitude of the
moment within the two magnetic phases would be the same.
This seems plausible given that the strength of the intralayer
coupling will be identical within the two spin structures, and
the interlayer interactions are also likely to be very closely
matched as discussed previously. The refined moments are
both larger than the spin only value of 3mB expected for high
spin Co2+ sS=3/2d and suggest a significant orbital contri-
bution to the ordered moment, particularly as the magnitude
of the refined moment is expected to be reduced somewhat
from its ideal value due to fluctuations within the AF sheets.
A sizeable orbital component is commonly observed for the
Co2+ ion, with, for example, a recent study on CoO reporting
a moment of 3.98s6dmB.30

The static moments are higher than the 2.9±0.1mB ob-
tained by Yamadaet al.8 for their single crystal of La2CoO4.
Possibly this reflects the presence of a weaker crystal field in
the oxyhalide phases and hence a larger(unquenched) orbital
contribution to the moment in the Sr2CoO2X2 phases. It is
worth noting that the increased magnitude of the moments
for the Co oxyhalide systems in comparison to the values of
,0.2–0.4mB typically reported for layered cuprates greatly
aid the observation of magnetic Bragg reflections for the
former materials in our powder samples and will also facili-
tate future studies on single crystals.

Finally, it is informative to compare in more detail the
behavior of the Sr2CoO2X2 sX=Cl,Brd materials with those
recently reported for another single layer cobalt oxychloride,

Sr2CoO3Cl.28 These systems provide a good illustration of
the flexibility of oxyhalide systems with the cobalt valence
state changing from +2 in Sr2CoO2X2 to +3 in Sr2CoO3Cl
as a function of the halide to oxide ratio. Structurally the
impact of the sequentially replacing the apical oxide ions by
chloride within the currently unknown K2NiF4 phase
Sr2CoO4 is to change the cobalt coordination from octahe-
dral to distorted square pyramidal in Sr2CoO3Cl through to
square planar in Sr2CoO2Cl2 (see Fig. 7). While the struc-
tures are closely related, ordering of the single chloride ion
per formula unit within Sr2CoO3Cl removes the body center-
ing normally associated with K2NiF4-type materials. Com-
parison of the observed room temperature bond lengths re-
flects the higher cobalt oxidation state of Sr2CoO3Cl, which
possesses an in-plane Co-O bond close to 1.97 Å, approxi-
mately 0.06 Å shorter than those found in Sr2CoO2Cl2. The
material undergoes a transition to an AF long range ordered
state with aTN=330s5d K, approximately 100 K higher than
that of Sr2CoO2Cl2, and adopts a La2NiO4-type spin struc-
ture. Within both materials the dominant superexchange in-
teractions will be mediated through the half-occupied cobalt
dx2−y2 and the oxygenpx, py orbitals and it is therefore tempt-
ing to conclude that the significantly shorter Co-O in-plane
distance exhibited by Sr2CoO3Cl leads to increased overlap
and the observed strengthening in coupling. However such
a simple interpretation is complicated by the significant
s,20°d buckling of the basal CoO2 plane found in
Sr2CoO3Cl that is expected to weaken both effective overlap
and the strength of the exchange interaction. At a first ap-
proximation it seems the reduced separation of the ions is
more important than the bond angle in governing the strength
of the magnetism in these phases although the differing in-
terlayer pathways are also likely to play a role in determining
the 3D transition temperatures. In contrast to Sr2CoO2Cl2 the
transition to long range order in Sr2CoO3Cl is preceded by
the presence of significant diffuse magnetic scattering arising
from extended regions of 2D spin correlation. Peculiarly the
diffuse feature persists well belowTN due, it is believed, to
stacking faults within the sample investigated. Finally, the

FIG. 6. Thermal evolution of the basal Co-O and apical Co-Cl
distances of Sr2CoO2Cl2.

FIG. 7. Crystal structures of Sr2CoO3Cl (a) and Sr2CoO2Cl2 (b)
showing the differing cobalt to oxygen coordination in the materi-
als. Large open spheres represent chloride ions, medium shaded
spheres represent cobalt, medium black spheres represent strontium,
and small open spheres represent oxygen.
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size of the moment obtained at 2 K, 2.82s3dmB, is smaller
than those obtained for the Sr2CoO2X2 counterparts. This
runs contrary to the expected behavior of high spind6 sS
=2d and high spind7 sS=3/2d systems. It is possible that a
greater orbital contribution within the Sr2CoO2X2 materials
is responsible for this discrepancy. Alternatively the refined
moment of Sr2CoO3Cl may be reduced considerably by ei-
ther the static stacking disorder found in the material or en-
hanced covalency.

In summary we have used NPD to determine the presence
of antiferromagnetic order within the square lattice Co(II )
phases Sr2CoO2Cl2 and Sr2CoO2Br2. Like the isostructural
cuprate Sr2CuO2Cl2 the cobalt phases retain an average te-
tragonal crystal structure in the AF ordered state. The mag-
nitude of the refined moments indicates that cobalt is present
in a high spin state and the observed magnetic scattering is

consistent with antiferromagnetic near neighbor in-plane Co
to Co coupling. However two distinct interlayer nearest
neighbor spin orientations, corresponding to the La2CuO4
and La2NiO4 spin arrangements, are required to account for
the observed intensity. Further investigations on predomi-
nately single domain crystals are required to clarify which of
these spin structures is the true ground state of the materials.
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